The acquisition of reproductive competence relies on a hierarchy of events initiated by gonadotropin-releasing hormone (GnRH). Neurons producing GnRH are unique, originating in the olfactory placode and migrating into the central nervous system during development (59, 66) . Traveling in association with vomeronasal nerve fibers, the GnRH neurons migrate through the nasal septum, cross the cribriform plate (the nasalbrain border), and continue along vomeronasal nerve fibers until they reach the preoptic area and hypothalamus (67, 70) . After completing the journey, GnRH neurons project axons toward the median eminence, establishing contacts with pituitary portal vessels. GnRH release is tightly regulated and occurs in a pulsatile manner to stimulate pituitary gonadotropin production (60) .
In humans, X-linked Kallmann's syndrome, arising from mutations in the KAL-1 gene, results in aberrant olfactory and GnRH neuron migration (11, 24, 32, 58) . KAL-1 encodes a cell adhesion molecule, anosmin-1, that is believed to be required for olfactory nerve migration (58, 62) . Since the GnRH neurons travel in association with olfactory nerves, the defect in olfactory nerve migration is thought to disrupt the GnRH neuron pathway, resulting in loss of GnRH neuronal migration. Although the path of the GnRH neurons from the olfactory placode to the forebrain during development has been well characterized, the cellular signaling mechanisms that directly govern GnRH neuron motility are unknown.
Because primary GnRH neurons are extremely limited in number (ϳ800 neurons in the mouse, several thousand in the primate) (54, 66) , studies of their development and differentiation have been difficult. We and others have utilized immortalized GnRH neuronal cell lines as a model system to identify factors potentially involved in GnRH neuronal physiology. Simian virus 40 T-antigen-targeted tumorigenesis was used to establish GnRH neuronal cell lines at two distinct developmental phases, migratory and postmigratory (39, 49) . GN10, GN11, and NLT GnRH neuronal cells were isolated from an olfactory tumor of migration-arrested GnRH neurons (49) , while GT-1 cells (and subclones GT1-1, GT1-3, and GT1-7) were derived from a postmigratory hypothalamic tumor (39) . Characterization of these cell lines has provided evidence that many GnRH neuronal attributes were retained during the immortalization process. For example, GT-1 cells secrete GnRH in a pulsatile fashion similarly to GnRH neurons in vivo (39, 65) and can restore reproductive function when implanted into the brains of hypogonadal mice (61) . Furthermore, the GT cells resemble GnRH neurons found in vivo displaying perikarya and neurites and express neuron-specific transcripts, FIG. 1. Gas6 stimulates migration of Ark-expressing GnRH neuronal cell lines. (A) GT1-7, NLT, GN10, and GN11 cell lysates (20 g ) were analyzed by immunoblotting with Ark318 IgG. (B to D) The migratory behavior of the cells was examined with a Boyden chamber system as described in Materials and Methods. (B) Twenty-four-hour migration in the presence of 0.5% FBS in the lower chamber. Values are as follows: GT1-7, 7 Ϯ 2 (n ϭ 4); NLT, 121 Ϯ 26 (n ϭ 4); GN10, 103 Ϯ 42 (n ϭ 6). (C) Twenty-four-hour migration in the presence of Gas6 (400 ng/ml) in the lower chamber (n ϭ 4 for GT1-7 and n ϭ 6 for NLT and GN10). ‫,ء‬ statistically significant by the t test: P Ͻ 0.01 for NLT and P Ͻ 0.05 for GN10. (D) Effects of Gas6, recombinant Axl ECD (800 ng/ml), Ark318 IgG (10 g/ml), and PI IgG (10 g/ml) on migration (24 h). ‫,ء‬ statistically significantly different from the control (Gas6 in the lower chamber only) by the Tukey-Kramer multiple comparisons test, P Ͻ 0.05 (n ϭ 3). ‫,ءء‬ statistically different from the control (PI IgG in the upper and lower chambers) by the t test, P Ͻ 0.05 (n ϭ 3).
FIG. 2. Gas6
stimulates Ark-dependent formation of lamellipodia and membrane ruffles in NLT GnRH neuronal cells. (A) NLT cells were incubated with Gas6 (400 ng/ml) for the indicated times. Following fixation, F-actin was visualized with rhodamine phalloidin. Arrows indicate lamellipodia and membrane ruffles. The data are representative of three independent experiments (see Materials and Methods for quantitation of actin cytoskeletal remodeling). Bar ϭ 20 m. (B) NLT cells were pretreated (4 h) with the Axl ECD (800 ng/ml), Ark318 IgG (10 g/ml), or PI IgG (10 g/ml) followed by a 10-min stimulation with Gas6 (400 ng/ml). F-actin was visualized as in panel A. The partial effectiveness of the Ark318 IgG at blocking the Gas6 effect is indicated by the arrow. The data are representative of two independent experiments. Bar ϭ 20 m.
including neuron-specific enolase and the 68-kDa neurofilament protein (39) . Although the GN/NLT cell lines have not been as well characterized, they synthesize GnRH, albeit at a much lower level than the GT clones, and express neuronspecific proteins, including tau and microtubule-associated peptide 2 (49, 72) . Furthermore, recent studies have indicated that the GN/NLT neuronal cells are intrinsically motile like GnRH neurons found in the olfactory placode in vivo (36; M. P. Allen et al., 30th Ann. Meet. Soc. Neurosci., abstr. 225. 2, 2000) . Thus, the immortalized cell lines provide excellent models that mimic both the migratory and postmigratory phenotypes of in vivo GnRH neurons.
To elucidate factors that may regulate GnRH neuron motility, differential display was used to compare the gene expression profiles of postmigratory GT1-7 and migratory GN10 neuronal cell lines (10) . One candidate gene that was differentially expressed in the GN10 GnRH cells encoded adhesion-related kinase (Ark), a unique membrane receptor consisting of an extracellular domain akin to cell adhesion molecules and a cytoplasmic tyrosine kinase domain (10) . Ark is the murine homolog of the human protein Axl (also known as UFO and Tyro7) (23, 28, 45, 52 ) and belongs to a novel receptor family that includes Tyro3 (also known as etk2, Dtk, brt, Rse, Sky, and tif) and Mer (also known as Tyro12, eyk, and Nyk) (reviewed in reference 8). Members of this family are expressed in the central nervous system as well as other tissues (28, 47, 52) . Ark/Axl family receptors have been shown to promote cell growth and survival (2, 5, 12, 15, 16, 33, 35) , adhesion (4, 38) , and migration (13) via binding to a common ligand, Gas6 (encoded by growth arrest-specific gene 6) (42, 64) . Gas6 is also expressed in the brain, suggesting that Gas6/Ark signaling may play a role in central nervous system physiology (48) .
Previous studies from our laboratory demonstrated that Gas6 promotes survival of Ark-expressing migratory GnRH neuronal cells (2) . More recent findings have shown that Ark regulates GnRH gene expression (1) . Moreover, Ark and GnRH transcripts were detected along the GnRH neuron migratory route in mouse E13 cribriform plate RNA (1) . Given the differential expression of Ark in cell lines derived from migratory but not postmigratory GnRH neurons and Ark expression in the cribriform plate during embryogenesis, we explored a role for Gas6/Ark signaling in GnRH neuron motility. In migratory GnRH neuronal cells, Gas6 stimulates Ark-dependent actin cytoskeletal reorganization and chemotaxis via activation of the Rho family GTPase, Rac. Although Rac has previously been implicated in neuronal migration, its downstream targets in neurons remain largely undefined (73) . The results illustrate that p38 mitogen-activated protein kinase (MAPK), a protein previously implicated in neuronal apoptosis (68) , is required downstream of Rac in Gas6/Ark-induced GnRH neuronal-cell motility. The data are the first to describe an Ark/Axl receptor-mediated migratory signaling pathway. In addition, the data support a novel function for p38 MAPK in regulating neuronal migration.
MATERIALS AND METHODS
Reagents. Recombinant human Gas6 was generated as described previously (64) . Ark318 immunoglobulin G (IgG) and preimmune (PI) IgG were generously provided by Claudio Basilico and Paola Bellosta (New York University) (5). PD98059, SB203580, and protein A/G agarose were purchased from Calbiochem (San Diego, Calif.). Rhodamine phalloidin was obtained from Molecular Probes (Eugene, Oreg.). Rabbit polyclonal antibodies that recognize the Tyr/Thr-dually phosphorylated (active) forms of p38 and ERK1/2 were purchased from New England Biolabs (Beverly, Mass.) and Promega (Madison, Wis.), respectively. Polyclonal heat shock protein 25 (HSP25) antibody was obtained from Stressgen (Victoria, Canada). Monoclonal (M2) Flag antibody was from Sigma (St. Louis, Mo.). Polyclonal antibodies to ERK2 and p38 were obtained from Santa Cruz (Santa Cruz, Calif.). Rac activation and MAPK-activated protein (MAPKAP) kinase 2 activation kits were purchased from Upstate Biotechnology (Lake Placid, N.Y.). Purified collagen was purchased from Worthington (Freehold, N.J.). Transwell migration chambers (6.5-mm diameter, 8-m pore size) were obtained from Costar (Corning, N.Y.). The bicinchoninic acid protein assay kit was purchased from Pierce (Rockford, Ill.). The complete protease inhibitor cocktail was from Boehringer Mannheim (Indianapolis, Ind.). Hybond polyvinylidene difluoride (PVDF) blotting membranes, enhanced chemiluminescence reagents, and horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham (Piscataway, N.J.). Dulbecco's modified Eagle's medium (DMEM) and antibiotics were from Life Technologies (Rockville, Md.), and fetal calf serum was from Gemini Bio-Products (Calabasas, Calif.). The DiffQuik staining kit was from Dade Behring (Newark, Del.). Glass coverslips (12-mm circles) were purchased from Fisher Scientific (Pittsburgh, Pa.).
Cell culture. GN10, GN11, NLT (49) , and GT1-7 (39) GnRH neuronal cell lines were grown in DMEM supplemented with 10% fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of amphotericin B per ml at 37°C in humidified 5% CO 2 -95% air.
Boyden chamber migration assays. Neuronal cells were rinsed once in PBS and incubated for 16 to 18 h in DMEM supplemented with 0.5% fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of amphotericin B per ml at 37°C in humidified 5% CO 2 -95% air. The cells were removed from cell culture plates by trypsin digestion, pelleted by centrifugation at 2,000 ϫ g for 5 min, and resuspended in migration medium (DMEM, 0.5% fetal bovine serum [FBS] , 0.5% bovine serum albumin, 4 mM MgCl 2 , 4 mM CaCl 2 ). A total of 30,000 cells were plated into the upper chamber of collagen (0.1 mg/ml)-coated Transwells and allowed to migrate for 24 h at 37°C in humidified 5% CO 2 -95% air. For determination of basal migration rates, migration medium was included in the lower Transwell chamber. For chemotaxis experiments, vehicle or Gas6 (400 ng/ml) was added to the lower chamber containing the migration medium. For blocking experiments, the Axl extracellular domain (ECD) was added to the lower chamber at a final concentration of 800 ng/ml. For experiments using PD98059 (30 M), SB203580 (30 M), PI IgG (10 g/ml), and Ark318 IgG (10 g/ml), the reagents were added to both the upper and lower compartments of the Transwell. For adenoviral experiments, NLT cells were infected for 24 to 48 h and then incubated for 16 to 18 h in low-serum medium (0.5% FBS) like uninfected cells prior to setting up the migration assay. Following the 24-h migration, the cells were fixed and stained by using a DiffQuik kit. The number of migrating cells for each condition was determined by counting cells in four different fields on each membrane.
Immunoblotting. Neuronal cells were washed once in PBS at 4°C and lysed in 0.1 ml of cell lysis buffer containing 20 mM HEPES (pH 7.4), 1% Triton X-100, 50 mM NaCl, 1 mM EGTA, 20 mM sodium orthovanadate, and 50 mM sodium fluoride and supplemented with complete protease inhibitors. Cell debris was removed by centrifugation at 14,000 ϫ g for 15 min at 4°C. The protein concentration of the supernatant was determined with a bicinchoninic acid protein assay kit. Protein (20 to 50 g) was resolved by sodium dodecyl sulfate-polyacrylamide are representative of three independent experiments. The increase in Rac-GTP was calculated by dividing the Rac-GTP density by the Rac total density at each time point and setting the value at the zero time point to 1. (B) NLT cells were infected with Ad GFP or Ad GFP/N17Rac (see Materials and Methods), stimulated for 10 min with Gas6 (400 ng/ml), and stained with rhodamine phalloidin. Actin is shown in red and GFP is in green. The data are representative of two independent experiments. Bar ϭ 20 m. (C) NLT cells infected with Ad GFP or GFP/N17Rac were tested in the Boyden chamber migration assay with or without Gas6. ‫,ء‬ statistically different from the Ad GFP value by the t test, P Ͻ 0.05 (n ϭ 5).
gel electrophoresis (SDS-PAGE) on 7.5 to 12% gels and transferred to PVDF. The membranes were blocked in 5% nonfat milk-TBS-T buffer (137 mM NaCl, 0.1% Tween-20, 20 mM Tris-Cl; pH 7.6) for 1 h at room temperature (RT) or overnight at 4°C. Membranes were incubated for 1 h in primary antibody and washed three times in TBS-T for 15 min. The membranes were incubated in horseradish peroxidase-linked secondary antibody for 30 to 60 min, washed three times in TBS-T for 15 min, and incubated in enhanced chemiluminescence immunodetection reagents according to the manufacturer's instructions. Antibodies to the following proteins were used at the indicated dilutions: phospho-ERK1/2, 1:5,000; ERK2, 1:1,000; phospho-p38, 1:1,000; p38, 1:2,000; Ark318, 1:1,000; HSP25, 1:2,000; and Flag, 1 g/ml. The Rac activation assay and the MAPKAP kinase 2 activation assay were performed according to the manufacturer's instructions. For adenoviral experiments, NLT cells were infected for 48 h, incubated in low-serum medium (0.5% FBS) for 16 h, and then stimulated with Gas6 (400 ng/ml) for different lengths of time. Following incubation, cell lysates were resolved by SDS-PAGE and immunoblotted for the appropriate proteins as described above. Densitometry analysis was performed with the Bio-Rad Fluor-S multi-imager and Quantity One software.
Actin localization. NLT cells (15,000) were seeded onto sterile glass coverslips. On the following day, the cells were washed once in PBS and incubated for 16 to 18 h in DMEM supplemented with 0.5% fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of amphotericin B per ml at 37°C in humidified 5% CO 2 -95% air. For blocking experiments including the Axl ECD (800 ng/ml), PI IgG (10 g/ml), Ark318 IgG (10 g/ml), PD98059 (30 M), and SB203580 (30 M), the cells were pretreated for 4 h and then stimulated with 400 ng of Gas6 per ml for 10 min. Following Gas6 treatment, the cells were rinsed once in PBS and fixed in 4% paraformaldehyde-PBS for 30 min at RT followed by two additional PBS rinses. The cells were permeabilized in 5% bovine serum albumin-0.2% Triton X-100-PBS for 30 min at RT. F-actin was stained with 25 l of rhodamine phalloidin per ml in the permeabilization solution for 30 min at RT. The cells were rinsed three times with PBS, mounted on slides, and viewed with a Zeiss Axioskop II microscope. For adenoviral experiments, the cells were infected for 24 to 48 h, trypsinized, and replated at 15,000 cells/coverslip as described above for uninfected cells. To quantitate the percentage of cells that displayed membrane ruffles and/or lamellipodia, cells in three fields were counted on each coverslip. For statistical analysis, n is the number of fields counted.
Adenoviruses. The wild-type p38␣, dominant negative p38␣ (p38␣DN), and constitutively active MKK6 (MKK6CA) plasmids were generously provided by Roger Davis (University of Massachusetts Medical School). p38␣DN contains two mutations, Thr-180 to Ala and Tyr-182 to Phe (50) . In the MKK6CA mutant, Ser-207 and Thr-211 were replaced by Glu (51) . Adenoviruses containing p38␣, p38␣DN, and MKK6CA were generated by subcloning the various cDNAs into the shuttle plasmid pACCMV (14) followed by overlap recombination with the adenoviral vector Ad5dl327 BST ␤-gal (57). Large-scale virus stocks were purified by cesium chloride gradient centrifugation, and titers were determined by plaque assays in 293 cells.
To construct Rac1 adenoviruses, Rac1 was cloned from a mouse cDNA library, and mutations (Rac1G12V and Rac1T17N) were generated by PCR-based site-directed mutagenesis. The adenoviral green fluorescent protein (GFP), GFP/N17Rac, and GFP/V12Rac were generated with the AdEasy system (19) . The Rac adenoviruses coexpress GFP and the respective mutant Rac protein.
For immunoblotting experiments, GFP-, GFP/N17Rac-, and GFP/V12Rac-expressing adenoviruses were used at a multiplicity of infection (MOI) of 40 PFU per cell, and the MKK6CA-and wild-type-p38␣-bearing adenoviruses were used at an MOI of 100 PFU/cell. For migration experiments, GFP and GFP/N17Rac were used at 10 to 20 PFU/cell, and the p38␣DN adenovirus was used at 50 PFU/cell. The empty adenovirus (Ad-CMV) was used at the same MOI as others in the respective experiment and served as a negative control. For actin localization, GFP, GFP/N17Rac, and GFP/V12Rac were used at 40 to 80 PFU/cell, and MKK6CA and p38␣ were used at 100 PFU/cell. 32 P incorporation into HSP25. NLT cells were incubated overnight in DMEM containing 0.5% FBS. The cells were then incubated for 4 h in phosphate-free DMEM-0.5% FBS and 2 mCi of 32 P i . Subsequently, the cells were washed twice in phosphate-free medium and stimulated with Gas6 (400 ng/ml) for 10 to 30 min. Cells were lysed (see "Immunoblotting" above), and the lysate was incubated with anti-HSP25 antibody for 2 h at 4°C with constant mixing. Protein A/G agarose was added to the lysate, and incubation was continued for another 2 h. The protein A/G agarose was washed three times in cold lysis buffer, and the samples were boiled and loaded onto a SDS-12.5% PAGE gel. The proteins were transferred to PVDF, and the membrane was exposed to film for 4 h at RT to detect phosphorylated HSP25. Subsequently, the membrane was probed with anti-HSP25 antibody to detect the total HSP25 protein present.
RESULTS
Gas6 promotes migration of Ark-expressing GnRH neuronal cell lines. Previous differential display analysis demonstrated Ark expression in migratory (GN10) but not postmigratory (GT1-7) GnRH neuronal cells (10) . In addition to the GN10 cells, two other cell lines were established from simian virus 40 T-antigen immortalized migratory GnRH neurons, the GN11 and NLT lines (49) . Immunoblot analysis with a polyclonal Ark antibody (Ark318) revealed the restricted expression of Ark in all three cell lines derived from migratory GnRH neurons (GN10, GN11, and NLT) but not GT1-7 cells (Fig.  1A) . However, Ark expression was substantially lower in the GN11 subclone than in the GN10 and NLT cells. Therefore, the GN11 cell line was not further investigated in this study.
Because the GN10 and NLT GnRH neuronal cells were isolated during migration, we suspected that they retained motile characteristics that had been lost by the postmigratory GT1-7 cells. To test this hypothesis, a Boyden chamber system was utilized to examine the migratory behavior of the cell lines. A Boyden chamber consists of an upper porous membrane on which the cells of interest are seeded and a lower chamber containing a chemoattractant. In a typical assay, cells migrate through the pores and attach to the lower side of the membrane, and subsequently the number of migrated cells is determined. As predicted, the GN10 and NLT GnRH neuronal cells were intrinsically migratory, unlike the GT1-7 cells (Fig.  1B) .
To examine a role for Ark in GnRH neuronal-cell motility, Gas6, the Ark ligand, was included as the chemoattractant in the migration assay. As shown in Fig. 1C , Gas6 (400 ng/ml) potentiated NLT and GN10 migration 2.6-fold (n ϭ 4, P Ͻ 0.01) and 2.7-fold (n ϭ 6, P Ͻ 0.05), respectively, while having no significant effect on Ark-negative GT1-7 cells (1.2-fold increase; n ϭ 4, P ϭ 0.36). Inclusion of Gas6 in both the upper and lower compartments effectively attenuated NLT migration, indicating that the effect was chemotactic rather than chemokinetic (Fig. 1D) . Moreover, the Axl ECD and the polyclonal anti-Ark318 IgG antagonized NLT migration, demon- strating that the effect was both ligand and receptor dependent, respectively (Fig. 1D) . Since similar results were obtained with the GN10 neuronal cell line (data not shown), in the remainder of the studies we utilized the NLT cell line as representative of migratory GnRH neurons.
Gas6 stimulates actin cytoskeletal remodeling and migration of NLT GnRH neuronal cells via Ark and the small G protein Rac. A morphological hallmark of cellular motility is the development of membrane ruffles and lamellipodia that are readily visualized by staining cellular filamentous actin (Factin). Examination of unstimulated NLT cells revealed an intense actin stress fiber network (Fig. 2A) . Gas6 treatment (400 ng/ml) resulted in dramatic reorganization of the NLT actin cytoskeleton to a motile phenotype that occurred within 10 min and persisted for at least 4 h (Fig. 2A) . In this assay, 9% Ϯ 1.5% of control NLT cells displayed membrane ruffles and/or lamellipodia. After 10 min of Gas6 treatment, 63% Ϯ 3% of NLT cells displayed these cytoskeletal modifications (n ϭ 9, P Ͻ 0.0001). Consistent with the results obtained for NLT migration (Fig. 1D ), Gas6-mediated cytoskeletal remodeling was significantly abolished by the Axl ECD and the antiArk318 IgG, while PI IgG had no effect (Fig. 2B) (percentages of cells displaying membrane ruffles and/or lamellipodia: Gas6, 65% Ϯ 5%; Gas6 plus PI IgG, 54% Ϯ 10%; Gas6 plus Ark318 IgG, 23% Ϯ 2%; Gas6 plus Axl ECD, 22% Ϯ 3%; n ϭ 6; for the last two values, P Ͻ 0.001 versus the Gas6 value). Thus, Gas6-induced actin cytoskeletal remodeling and migration of NLT GnRH neuronal cells are Ark dependent.
Actin cytoskeletal dynamics are regulated by the Rho family of monomeric GTPases (17) . Of the Rho family GTPases, Rho, Rac, and Cdc42, Rac is the principal regulator of membrane ruffling and lamellipodial formation (53) . To examine whether Gas6 stimulated Ark signaling to Rac, active (GTPbound) Rac was precipitated from Gas6-treated cells with the Rac binding domain of the effector protein PAK (PAK-PBD). Subsequently, precipitated Rac was detected by immunoblot analysis. Since the PAK-PBD interacts exclusively with active (GTP-bound) Rac, the Rac immunoblot represents the amount of active Rac in each sample (6) . Gas6 treatment of NLT cells resulted in significant Rac activation that peaked within 5 min (12.3-fold), remained elevated at 10 min, and returned to near baseline by 30 min (Fig. 3A, top) . Gas6 addition had no effect on the amount of total Rac (GDP plus GTP bound) detected in NLT lysates (Fig. 3A, bottom) .
Next, Rac participation in Gas6/Ark-mediated cytoskeletal remodeling and migration was evaluated. NLT cells expressing adenoviral GFP (Ad GFP) developed prominent lamellipodia and membrane ruffles upon exposure to Gas6 in a manner similar to that of uninfected NLT cells in the same culture (Fig.  3B , left panels) (71% Ϯ 5% of GFP-expressing cells underwent actin cytoskeletal reorganization following Gas6 treatment). In contrast, NLT cells expressing GFP and dominant negative Rac (Ad GFP/N17Rac) did not form lamellipodia in the presence of agonist, whereas uninfected neighboring neuronal cells responded to Gas6 with profound actin reorganization (Fig.  3B , right panels) (7% Ϯ 2% of GFP/N17Rac-expressing cells responded to Gas6; n ϭ 9, P Ͻ 0.0001). Similarly, NLT cells expressing Ad GFP migrated in response to Gas6 (1.82-fold increase), whereas cells expressing Ad GFP/N17Rac were unresponsive to agonist treatment (1.05-fold increase relative to control) (Fig. 3C) (n ϭ 4, P Ͻ 0.05). In addition, the basal migration of GFP/N17Rac-expressing neuronal cells was only 29% Ϯ 8% of that of GFP-expressing cells. Together, these data demonstrate that Rac activity is obligatory for both basal and Gas6/Ark-mediated cytoskeletal reorganization and chemotaxis of NLT GnRH neuronal cells.
The ERK pathway is not essential for Gas6/Ark-induced migration of GnRH neuronal cells. Previous studies from our laboratory implicated the ERK pathway in Gas6/Ark mediated GnRH neuronal survival and regulation of GnRH gene expression (2; M. P. Allen et al., 82nd Ann. Meet. Endocr. Soc. abstr. 519, 2000). Furthermore, ERK is required for migration of other cell types (69) . Therefore, we investigated whether the ERK pathway played a role in Gas6/Ark-mediated GnRH neuronal migration. In NLT GnRH neuronal cells, Gas6 stimulated a rapid and transient activation of the ERK pathway that peaked at 5 min (4.1-fold) and returned to baseline by 30 min (Fig. 4A) . Furthermore, Gas6-stimulated ERK activation was effectively abolished by the MEK1/2 inhibitor PD98059 (Fig.  4A) . To determine if the ERK pathway was required for Gas6/ Ark-induced ruffling and lamellipodial formation, NLT cells were incubated with PD98059 (30 M, 4 h), stimulated with agonist for 10 min, and stained with rhodamine phalloidin (Fig.  4B) . Although PD98059 clearly blocked ERK activation (Fig.  4A) , it had no discernible effect on Gas6-mediated actin remodeling of NLT cells (Fig. 4B ) (Gas6 plus dimethyl sulfoxide [DMSO], 71% Ϯ 5% ruffling and/or lamellipodia, versus Gas6 plus PD98059, 61% Ϯ 3%; n ϭ 9, P ϭ 0.13). Likewise, the MEK1/2 inhibitor only partially attenuated Gas6-stimulated NLT migration (vehicle, 2.7-fold increase; PD98059, 2.0-fold increase; n ϭ 5, P ϭ 0.05) (Fig. 4C) (similar results were obtained with the structurally distinct MEK inhibitor, UO126; data not shown). Thus, although the ERK pathway acts downstream of Gas6 and Ark to influence GnRH neuronal survival and gene expression, it is not essential in the migratory signaling pathway.
Gas6/Ark signaling induces migration of GnRH neuronal cells via a Rac 3 p38 MAPK 3 MAPKAP kinase 2 3 HSP25 pathway. Recent studies have suggested a role for p38 MAPK in smooth muscle cell motility (20) . Therefore, Gas6/Ark-induced p38 activation in NLT neuronal cells was examined by immunoblotting with a phospho-specific p38 antiserum (Fig.  5A) . Agonist treatment resulted in marked p38 activation within 5 min (3.0-fold) that remained elevated for at least 1 h. In smooth muscle cells, growth factor-induced migration involves activation of a p38 MAPK 3 MAPKAP kinase 2 3 heat shock protein 27 (HSP27) pathway, where HSP27 functions as an actin-capping protein and is thought to modulate actin polymerization and cell shape (29) . Gas6/Ark-induced MAPKAP kinase 2 activity was evaluated in NLT cells by using an immunoprecipitation-kinase assay (Fig. 5B) . MAPKAP kinase 2 was immunoprecipitated from Gas6-treated cells and incubated with recombinant human HSP27 in a kinase assay, and phosphorylated HSP27 was detected by using a phosphospecific HSP27 antiserum. As shown in Fig. 5B , Gas6 treatment resulted in a 12.9-fold increase in MAPKAP kinase 2 activity within 5 min that remained elevated for at least 1 h. To examine if endogenous NLT HSP25 (the murine isoform of HSP27) was activated (phosphorylated) following agonist treatment, an HSP25 immunoblot was performed (Fig. 5C ).
Exposure to Gas6 resulted in the increased formation of a slower-migrating form of HSP25 within 30 min that was sustained to 60 min, suggesting that Gas6 had indeed stimulated phosphorylation of HSP25. To confirm the phosphorylation of HSP25, NLT cells were pretreated with 32 P i to radiolabel the cellular ATP, and HSP25 was immunoprecipitated from lysates that had been treated with Gas6 for 10 to 30 min. Gas6 treatment resulted in a 2.7-fold increase in the incorporation of 32 P i into HSP25 within 10 min (Fig. 5D, top) while having no effect on the total amount of HSP25 present in the cells (Fig. 5D,  bottom) . Thus, Gas6/Ark signaling promotes the sequential activation of p38 MAPK, MAPKAP kinase 2, and HSP25 in NLT GnRH neuronal cells.
Rac and Cdc42 GTPases have been shown to function upstream of p38 MAPK (71) . To resolve whether Gas6/Arkstimulated p38 MAPK activation was downstream of Rac, NLT cells were infected with Ad GFP or with Ad GFP/N17Rac prior to Gas6 addition (Fig. 6A) . Gas6 treatment of GFPexpressing NLT neuronal cells resulted in p38 activation (2.2-fold), while cells expressing GFP/N17Rac were unresponsive to the agonist (0.7-fold), demonstrating that p38 is downstream of Rac in this receptor system (Fig. 6A) . In addition, expression of adenoviral constitutively active Rac (Ad GFP/V12Rac) in NLT cells resulted in ligand-independent p38 activation (2.7-fold) (Fig. 6B ) and induced dramatic membrane ruffling (Fig. 6C, left panels) . Furthermore, V12Rac-stimulated ruffling (GFP/V12Rac without SB203580, 82% Ϯ 5%) was markedly inhibited upon exposure to the selective p38 inhibitor, SB203580 (34% Ϯ 7%), demonstrating that p38 activation was required for V12Rac-induced cytoskeletal remodeling (Fig.  6C , right panels) (n ϭ 12, P Ͻ 0.0001). Finally, NLT cells coinfected with adenoviral MKK6CA and Flag-tagged wildtype p38␣ were examined by immunoblot analysis (Fig. 7B ) and in the actin assay (Fig. 6D) . Expression of adenoviral FIG. 5 . Gas6/Ark signaling activates a p38 MAPK 3 MAPKAP kinase 2 3 HSP25 signaling cascade in NLT GnRH neuronal cells. (A) NLT cells were treated for the indicated times with Gas6 (400 ng/ml) and immunoblotted for phospho-p38 and total p38. The data are representative of three independent experiments. The increase in phospho-p38 was calculated by dividing the phospho-p38 density by the total p38 density at each time point and setting the zero time point value to 1. (B) MAPKAP kinase 2 was immunoprecipitated from Gas6-treated neuronal cells and exposed to recombinant human HSP27 in a kinase assay, and phosphorylated HSP27 was detected by phospho-HSP27 immunoblotting. The data are representative of two independent experiments. The increase in phospho-HSP27 was calculated by setting the zero time point value at 1. (C) NLT cells were treated for the indicated times with Gas6 (400 ng/ml) and immunoblotted for HSP25. The arrow indicates a slower-migrating form of HSP25 consistent with phosphorylation. The data are representative of two independent experiments. (D) NLT cells were labeled with 32 P i and stimulated with Gas6. HSP25 was immunoprecipitated from the cell lysates, transferred to PVDF, and analyzed by autoradiography (top) or HSP25 immunoblotting (bottom). The increase in 32 P-labeled HSP25 was calculated by dividing the 32 P-labeled-HSP25 density by the total HSP25 density at each time point and setting the zero time point value to 1. The data are representative of two experiments.
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FIG. 6. p38 activation promotes actin reorganization downstream of Rac in NLT GnRH neuronal cells. (A) NLT cells expressing Ad GFP or
MKK6CA and Flag-p38␣ in NLT neuronal cells resulted in robust p38 activation (Fig. 7B, phospho-p38 blot) . Consistent with p38 activation promoting cytoskeletal reorganization, NLT cells positive for the Flag epitope (p38␣) exhibited ligand-independent lamellipodial advance (Fig. 6D , right panels), whereas uninfected cells did not extend lamellipodia (Fig.  6D , left panels) (9% Ϯ 2% for uninfected cells versus 76% Ϯ 4% for MKK6CA/p38␣-infected cells; n ϭ 18, P Ͻ 0.0001).
Collectively, these data demonstrate that p38 lies downstream of Rac and is the major Rac target engaged in NLT GnRH neuronal cells to elicit actin cytoskeletal remodeling. Next we investigated the role of p38 in Gas6/Ark-stimulated lamellipodial extension and migration. Pretreatment of NLT cells with the p38 inhibitor SB203580 (30 M, 4 h), resulted in a striking inhibition of Gas6/Ark-mediated cytoskeletal remodeling (Fig. 7A ) (71% Ϯ 5% membrane ruffles and/or lamellipodia for Gas6 plus DMSO versus 20% Ϯ 3% for Gas6 plus SB303580; n ϭ 9, P Ͻ 0.0001). SB203580 also markedly blocked Gas6-induced NLT migration, decreasing the Gas6 effect from 2.6-fold to 0.96-fold (Fig. 7B ) (n ϭ 3, P Ͻ 0.05).
To further verify that p38 MAPK was required for NLT migration via Gas6/Ark signaling, NLT cells infected with adenoviral Flag-tagged p38␣DN were tested in the migration assay. As shown in Fig. 7B , the Flag-p38␣DN was efficiently expressed in the NLT cells (Flag immunoblot). However, in the presence of adenovirally expressed MKK6CA, p38 activation was blocked in p38␣DN-expressing neuronal cells, while those expressing wild-type p38␣ exhibited significant increases in active p38 (phospho-p38 blot). These data confirmed that p38␣DN functioned in a dominant negative fashion. In addition, cells infected with empty adenovirus (Ad-CMV) responded to Gas6 similarly to uninfected cells (2.0-versus 2.3-fold increase relative to control). NLT cells infected with Adp38␣DN, however, were unresponsive to Gas6 (1.14-fold stimulation) (n ϭ 4, P Ͻ 0.01 for uninfected cells and P Ͻ 0.05 for cells infected with Ad-CMV). Together, the data illustrate that Gas6/Ark-mediated GnRH neuronal migration requires p38 MAPK.
DISCUSSION
The intrinsic signaling mechanisms that regulate GnRH neuron migration are unknown. In the present study, we used immortalized GnRH neuronal cell lines that retain properties found in vivo in either migratory or postmigratory GnRH neurons to investigate the mechanism underlying GnRH neuron migration. Because Ark is expressed in immortalized migratory GnRH neuronal cell lines (10) and along the GnRH neuron pathway during development (1), we examined a role for Ark in GnRH neuronal motility. Our results identified the Gas6/ Ark interaction as a novel signaling complex that promotes NLT GnRH neuronal-cell migration. Characterization of the signaling pathway downstream of Gas6/Ark revealed that the small GTPase, Rac, signals to p38 MAPK to induce NLT GnRH neuronal motility. These data are the first to describe a receptor-initiated signal transduction cascade that directly regulates the migration of GnRH neuronal cells.
The Ark receptor ECD contains fibronectin type III repeats and immunoglobulin domains related to cell adhesion molecules. Not surprisingly, Ark has recently been implicated in cell adhesion and aggregation (4, 38) . Moreover, Fridell et al. (13) recently provided evidence for Axl (the human homolog of Ark)-mediated chemotaxis of vascular smooth muscle cells. However, the signaling pathways downstream of Axl were not identified. While examining a role for Ark in GnRH neuron migration, we found that Gas6, the Ark ligand, potentiated the migration of Ark-expressing GN10 and NLT GnRH neuronal cell lines while having no discernible effect on GT1-7 cells. In addition, Gas6-induced motility was chemotactic and was blocked by an antibody to the Ark ECD and by sequestration of Gas6 with recombinant Axl ECD. Thus, Gas6 occupancy of the Ark receptor stimulates GnRH neuronal-cell migration.
To examine signaling pathways involved in motility downstream of Gas6/Ark, we first looked at changes in the actin cytoskeleton. In NLT cells, Gas6/Ark signaling stimulated dramatic lamellipodial extension and membrane ruffling. Members of the Rho family of small GTPases, Rho, Rac, and Cdc42, regulate morphological changes of the actin cytoskeleton and, as a result, elicit profound effects on cellular adhesion and motility (17) . Rac is known to promote formation of lamellipodia and membrane ruffles (53) . Thus, the actin remodeling observed upon Gas6 treatment suggested that Rac was activated downstream of the receptor-ligand interaction in GnRH neuronal cells. Indeed, direct measurement of active (GTP-bound) Rac revealed that Gas6 induced robust Rac activation in NLT cells. Moreover, dominant negative N17Rac significantly abolished both Gas6-induced actin cytoskeletal remodeling and migration of NLT cells. Together, these results demonstrated that the Ark receptor couples to the Rho family GTPase Rac to orchestrate actin cytoskeletal changes and chemotaxis of GnRH neuronal cells. These findings are consistent with a recently recognized role for Rac GTPase in the regulation of neuronal migration (73) . Although several neuronspecific guanine nucleotide exchange factors, including Tiam-1 (9, 31), ASEF (25) , and Trio (3, 34, 43) , upstream of Rac have been described, downstream targets of Rac in neurons are largely unknown.
Both ERK and p38 MAPK pathways have previously been described to play a role in nonneuronal-cell migration (20, 69) , and both pathways have been shown to be activated via Rac GTPase (7, 71) . Therefore, we focused on the potential role of these two MAPK signaling pathways downstream of Rac in Gas6/Ark-stimulated GnRH neuronal-cell motility. Although the MEK1/2 inhibitor PD98059 clearly blocked Gas6/Arkstimulated ERK activation, it had only modest effects on cytoskeletal changes and motility. The effect of PD98059 on Gas6-induced migration reached statistical significance (P ϭ 0.05), however, suggesting that the ERK pathway may regulate a Rac-independent pathway involved in migration. For instance, recent studies have shown that Rho activity is regulated by the ERK-MAPK pathway (56) . Since Rho is required for focal adhesion turnover at both the leading and trailing edges of the cell, disruption of Rho signaling results in decreased motility. Thus, in NLT cells, the ERK pathway blockade may inhibit motility via partial disruption of Rho signaling. Alternatively, PD98059 may affect NLT survival, consistent with our previous studies showing that Ark promotes GnRH neuronal survival via an ERK-dependent mechanism (2) .
In contrast, pharmacological p38 MAPK inhibition dramatically attenuated Gas6/Ark-induced cytoskeletal reorganization and migration. Similarly, p38␣DN completely blocked Gas6-induced GnRH neuronal chemotaxis. In addition, p38 MAPK was demonstrated to function as a downstream Rac target, since Gas6 activation of p38 was abolished in dominant negative-N17Rac-expressing cells. Moreover, constitutively active V12Rac stimulated p38 activation and induced dramatic membrane ruffling of NLT cells. The latter effect was significantly inhibited by blockade of p38 activation with SB203580, suggesting that p38 is the major Rac target engaged in GnRH neuronal cells to elicit cytoskeletal reorganization. Finally, overexpression of constitutively active p38 was sufficient to induce lamellipodial advance and membrane ruffling in NLT cells. Thus, p38 MAPK acts downstream of Rac GTPase to promote GnRH neuronal-cell motility.
The above findings were somewhat unexpected, since p38 activation in neurons was initially associated with increased apoptosis (27, 40, 68) . Recently, p38 has also been shown to modulate PC12 pheochromocytoma cell neurite outgrowth during differentiation (18, 22, 41, 63) . Coupled with our observation that p38 lies downstream of Rac in Gas6/Ark-stimulated GnRH neuron motility, these results are consistent with a much broader role for p38 MAPK in neurons, perhaps in the regulation of migration and neurite outgrowth during development and differentiation.
p38 MAPK has been shown to modulate nonneuronal-cell motility (20, 21, 26, 37, 44, 55) . Recent studies suggest that p38 MAPK activates a MAPKAP kinase 2/HSP27 (HSP25 in mouse) signaling cascade that is important in smooth muscle cell actin cytoskeletal remodeling and motility (20, 30, 46, 55) . HSP27 is an actin-capping protein whose activity is regulated via serine phosphorylation by upstream kinases such as MAPKAP kinase 2. Although the mechanism is not completely understood, HSP27 regulation of actin polymerization is involved in cortical actin cytoskeletal rearrangements such as membrane ruffling (29) . Similar to growth factor stimulation of smooth muscle cells (20) , we found that NLT GnRH neuronal cells treated with Gas6 exhibited increased MAPKAP kinase 2 activity and HSP25 phosphorylation. These data are consistent with a mechanism by which Gas6/Ark signaling stimulates GnRH neuronal migration via a Rac 3 p38 MAPK 3 MAPKAP kinase 2 3 HSP25 pathway. The role of additional signaling pathways downstream of p38 that may also influence motility remains to be clarified.
In summary, we have utilized GnRH neuronal cell lines as a model system to identify and characterize factors potentially involved in GnRH neuron migration. Our studies point to several new candidate proteins, including Gas6, Ark, and p38 MAPK, as potential regulators of GnRH neuron migration in vivo. These factors will be targeted in future in vivo studies to determine if they are required for the proper migration of GnRH neurons during development.
